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The Emerson Cavitation Tunnel

2
The experiments were carried out in the Emerson Cavitation Tunnel (ECT) of Newcastle University, which has a measuring 3 section of 3.1m x 1.21m x 0.8m (LxBxH), as shown in Figure 1 
Main particulars of The Princess Royal and propeller
11
The Princess Royal is a displacement type of Deep-V catamaran, which was designed in-house and built locally, as 12 described in detail by (Atlar et al 2013) . During the experiments, the starboard demi-hull of the vessel was used as a basis 13 for simulating the hull wake based on the well-known "dummy-hull" approach usually adopted in small and medium size 14 cavitation tunnels. The model scale factor of 1:3.5 was set by considering various limiting factors such as avoiding an 1 undesirable blockage effect, achieving a reasonable Reynolds number range for minimizing the scale effects and achieving 2 a respectable size for avoiding practical size limitation. At this scale, the demi-hull was too long (5.39m) to fit the tunnel's 3 test section and had to be truncated down to 3m. The truncation was carried out in the parallel mid-section between the 4 properly represented fore and aft sections. This is a well-recognized approach, which is used throughout the industry. The 5 chosen dimensions combined with the set tunnel conditions resulted in a propeller Reynolds number ranging from 8.67×10 5 6 to 1.47×10 6 . The largest blockage of the tunnel cross section was 16.5% which is well within the ITTC guidelines (ITTC, 7 2011 ). Based on the above justification; the comparative general specifications of the dummy-hull model and the full-scale 8 vessel are given in Table 1 . 9 10 The data in Table 1 correspond to two loading conditions of the vessel, namely, at the start and end of the full-scale trials. 13
This was because the trials were conducted over three consecutive days meaning the fuel consumptions and various other 14 changes on-board resulted in slight changes in the loading and hence running conditions of the vessel. The loading 15 conditions of the vessel were taken from the logbook of the vessel and then used as an input to the stability booklet to 16 interpolate the draft readings for the corresponding loading. The procedure was then repeated taking into account the fuel 17 consumption during the course of the trials. The draft values in Table 1 represent only the static trim condition. Further 18 manipulation of this data to take account of the dynamic trim is discussed in Section 3. Based on the selected scale ratio the 19 main characteristics of the model and full-scale propeller are given in Table 2 . 20 In cavitation tunnel tests, the preference is to use a full-hull model of the subject vessel. However due to tunnel size 4 limitations the use of so-called "dummy-hull model with additional wake mesh" is another practical approach which has 5 been used in many medium size cavitation tunnels including the Emerson Cavitation Tunnel. This approach has the 6 advantage of better representing the 3D flow effects compared to a simple 2D wake screen approach, although the latter is 7 more economical in time and cost. Based on this rationale the starboard demi-hull of The Princess Royal was modelled by 8 properly scaling the fore and after body sections of the demi-hull while truncating the middle part in between these two 9 sections. Furthermore, 2D wake screens were added at the aft end to account for the flow retardation lost by truncation of 10 the hull in the middle section as shown in Figure 3 . The density of the screen meshes was adjusted through an iterative 11 wake simulation exercise by using the stereoscopic Particle Image Velocimetry (PIV) system of the ECT. The target wake 12 for these simulations was based on the wake measurements conducted with a 1:5 full-model of The Princess Royal in the 13
Istanbul Technical University towing tank excluding the rudder and interceptors (Korkut & Takinaci, 2013 Figure 4 shows the contour plots of the target wake and simulated wake while Figure 5 and Figure 6 show the comparative 4 radial plots of the wake velocities at two critical outer radius. As shown in the two latter figures reasonable resemblance has 5 been achieved, despite the absence of the rudder and interceptor effects in the target wake, which were included in the 6 simulations, for more representative cavitation tests. The trial runs simulated in the tunnel were determined based on the four most representative and reliable runs of the full-5 scale trials selected by the project partners. These four conditions had sufficient repetitions and reciprocal runs to filter out 6 the tidal current effects and included one non-cavitating condition and three cavitating conditions corresponding to the 7 following engine speeds: 600, 900, 1200 and 2000 rpm. The corresponding propeller shaft speeds were lower, in the 8 gearbox ratio of 1.75:1. A summary of the selected full-scale conditions and relevant data for the vessel is given in Table 3 . 9 10 For the tunnel tests similarity was achieved in the following key parameters for each operational condition: 1 (1) where, J is the advance coefficient, VA is the advance velocity, D is the diameter of the propeller, KQ is the propeller torque 2 coefficient,  is the density of water, Q is the torque, s is the cavitation number based on the propeller rotational speed,PA is 3 the Atmospheric pressure, hs is the propeller shaft immersion and is the vapour pressure. 4
Using the relevant expressions and associated data given in Table 3 the key parameters for setting the corresponding tunnel 5 test conditions are presented in Table 4 . In setting these conditions, either the model propeller shaft speed or the applied 6 vacuum level requires to be fixed for each test condition; the former was selected. Thus, for each condition presented in the 7 Table 4 , the propeller shaft speed, nm, was first selected. Then the corresponding vacuum level calculated based on this 8 speed. The tunnel speed, Vm, was then adjusted to meet the required shaft torque, Qm, based on the equivalent KQ. 9 10 In Table 4 the first column contains the test condition numbers: 1, 2, 3 and 4 corresponding to the selected trials conditions 13 (i.e. engine speed of) 600, 900, 1200 and 2000rpm, respectively given in Table 3 . The defined cavitation tunnel tests 14 conditions of the research vessel cover a wide range of speeds. Therefore, although fixed rotational speed and fixed vacuum 15 application method was employed, it was concluded that the best way to cover such a wide range was to alter the propeller 16 shaft speed in compliance with the full-scale propeller shaft speed. This also enabled the better cavitation observation in test 17
Condition 4 by the reduction of the vacuum applied by means of increasing the propeller speed. 18
During the whole course of the testing campaign, the water quality of the facility was monitored for gas content, since it is 1 well known to affect cavitation. The dissolved oxygen content of the tunnel was kept at 30% during the experiments as 2 recommended by ITTC (ITTC, 1987 (ITTC, , 2011 
Equipment and data analyses
6
The noise measurements were made using the Bruel & Kjaer (B&K) PULSE Type 3023 data acquisition system with a 6/1 7 LAN interface and a B&K Type 8103 miniature hydrophone which was located inside the cavitation tunnel and supported 8 by a streamlined strut. The offset of the hydrophone location is given in Table 5 . 9 Table 5 The noise signals were post-processed by the PULSE lab-shop using CPB and FFT analyzers that were constructed in the 12 dedicated PULSE software. During post-processing, the acoustic data derived in 1/3 octave bandwidth sound source level in 13 dB relative to 1µPa. The frequency bandwidth ranged from 20 Hz up to 20 kHz and the measurements were averaged 14 exponentially over 1-second intervals to ensure satisfactory overlapping of the measurements whilst no acoustical weighting 15 was applied. 16
17
The noise data acquisition was conducted by using the waterfall format of the PULSE software in order to eliminate the 18 effect of any instantaneous sources. This was achieved by using the multi-buffer option of the software and by triggering the 19 system every 0.25 seconds for the next measurement. The measurements were recorded for 50 triggers or 12.5 seconds at 25 20 kHz sampling rate. 21 
22
In order to ensure the repeatability and reliability of the measurements, Condition 4 was repeated three times since this was 1 the condition where the most severe cavitation was experienced and hence might have had a higher risk of errors. The 2 uncertainty analysis for this condition has indicated a maximum error of 4.39 dB in the measured URN levels and is well 3 within the range of the recommendations (1-5 dB) made by the ITTC (ITTC, 2014). 4 
5
The noise data was acquired in raw format, which was subsequently corrected to an equivalent 1 Hz bandwidth and 1m 6 source level. A common practice in the analysis and presentation of the noise levels is to reduce the measured values of and inserting x=1, y=2 and z=1, the scaling of the noise levels and frequency shifts were estimated for all the conditions 22 specified. 23 24 
14
The frequency shift from model to full-scale is based on the collapse time of a single bubble as given in Equation 5:
where fP is the model scale frequency associated with full scale frequency fM. 3
4
One important practical issue in the analysis of the data is associated with the catamaran configuration of the target vessel, 5 which has two propellers and hence two dominant noise sources. However, in the tunnel tests only one of these sources was 6
represented by the use of the starboard demi-hull. The missing propeller effect was accounted for by doubling the measured 7 levels. This was achieved in the logarithmic scale by adding 3dB to the measured levels. 8 9 Table 4 , respectively. The full-scale trials are conducted for each condition 13
Presentation of results
10
given within the Table 3 with 2 double runs. The double runs include a Northwards and Southwards course headings for 14 both starboard and port aspect. The trial area depth was chosen to be approximately 100m with soft mud seabed type. The 15 measurements are made using a hydrophone array with 3 hydrophones with the maximum depth of the deepest hydrophone 16 being 50 m. The full-scale measurements are analysed using the dipole source level assumption which is also referred as the 17 affected source level or RNL. Whilst the RNL representation does not take into account for the influence of the well-known 18
Lloyd's Mirror effect, the analysis procedure adopted using ANSI standard minimizes the error introduced by the averaging 19 applied to the measurements made with three hydrophones. 20 For the tunnel background noise measurements a series of tests was conducted for the corresponding operating conditions 4 given in Table 4 without the model propeller which was replaced by a dummy hub (ITTC, 2014) . If the difference in the 5 measured noise levels with the propeller and background noise is too small, the measurements need to be corrected 6 following the procedure in ANSI/ASA S12.64-2009/Part1. When the difference is smaller than 3 dB, the result is discarded. 7
In case of a difference between 3 and 10 dB, the results are corrected according to Equation 7 and no correction is applied in 8 case of the difference being greater than 10 dB. The influence of the background correction on different conditions are 9 scrutinized in detail in section 4.3. 10 11 (7) where subscripts N, T and B indicate net, total and background respectively. 12
Within the scope of the background noise level assessment of the tunnel tests, the dummy model approach necessitated the 13 use of the wake screen to be located in a transverse plane at a distance of 1.5 propeller diameter upstream of the propeller's 14 hub center. This may raise concerns over the noise creating mechanisms introduced to the experiment by the presence of the 15 wake screen such as cavitation, increase in turbulence intensity and singing. The effects of these sources on the measured 16 noise levels were considered to be taken care of through the background noise correction. 17
Although the ITTC guidelines recommend further correction of the measured data to account for the influence of the testing 18 environment such as the reverberation and reflections due to the walls (ITTC, 2014), such corrections were not applied to 19 the presented results. This was purely due to the time restrictions imposed on the project and tight tunnel schedule that was 20 not able to accommodate a detailed investigation for this dummy model. 21
The noise measurements in Figure 15 
Discussion
6
As shown in Figure 7 to Figure 10 the presentation of the total noise levels with the background noise measurements 7 provides further insight especially in the tunnel measurements for which the background noise levels are much more 8 significant. The background noise levels are even observed to exceed the total noise levels at certain frequencies where 9 various dominant noise sources present in the tunnel tests are the major sources. This consequently means that for this 10 certain case, the measured levels higher than the 1 kHz are significantly influenced by the tunnel background noise sources. 11
12
When the background noise corrections were applied, as shown in Figure 11 , for "Condition 1" most of the noise spectrum 13 had to be discarded since the differences in the noise levels between the measured data with the propeller and background 14 noise were less than 3dB. The noise spectrum for this non-cavitating condition was of the dominated by the background 15 noise. One may thus consider if the application of Equation 4 and 5, which are based on cavitating bubble dynamics, is 16 appropriate for this condition. Nevertheless, no further investigation was made in this study of non-cavitating noise 1 extrapolation laws, since the focus was on the cavitation induced noise. 2
In Conditions 2 and 3, as shown in Figure 12 and Figure 13 respectively, the spectral levels are observed to be less affected 3 by the tunnel background noise for frequencies lower than 1000 Hz. However, beyond this threshold, the spectral levels for 4 both conditions are still affected significantly by the background noise. The cavitation patterns for Conditions 2 and 3, as 5 shown in Figure 16 (a,b) and Figure 17 (a,b) respectively, indicate that the developed leading edge tip vortex and sheet 6 cavitation is extremely unsteady, breaking-up (and bursting) intermittently with a cloudy appearance. The sheet cavitation 7
terminates at the blade tip region by rolling-up in the form of a rather thick, intense and cloudy tip vortex, trailing to the 8 rudder. Comparison of both the tunnel cavitation observations and the URN predictions with the full-scale measurements 9 for these two conditions seem to be in reasonable agreement up to 500 Hz for the noise predictions. 10
The under estimation over the frequencies higher than 500 Hz can be due to various noise emitting mechanisms and Figure 19 and 20 give a comparative summary of the spectral levels for the four operating conditions at model and full-3 scale, respectively. These allow further interpretation of the impact of the operating conditions and associated cavitation 4 dynamics on the noise spectra. It is clear from the both figures that whilst there is no cavitation, the URN levels are 5 significantly low. However, as soon as cavitation inception occurs, the spectral levels increase. In Condition 2 the increase 6 in the URN levels starts at a frequency around 200 Hz and is considered to reflect the relatively smaller diameter of the tip 7 vortex cavitation and less activity in its cavitation dynamics. In Condition 3 the noise levels observed are to increase over 8 the whole frequency range due the broadband nature of the cavitation phenomenon creating a direct impact especially in the 9 high frequency range. The only test condition with the large extent of sheet cavitation is Condition 4, which shows a 10 significant increase in the URN level over the whole frequency range. A series of peaks around multiples of the blade rates 11 is connected both with increased volume variation of the sheet cavitation and with a larger diameter tip vortex cavitation 12 with increased cavity dynamics. 13
14
In discussion of the results, it is appropriate to comment on the selected scale ratio (3.5) of the model tests. This is 15 considerably smaller than typical scale ratios selected for testing other ship models, especially for representing large 16 commercial ships. Although such a small ratio was imposed by the small size of the Princess Royal vessel relative to the 17 medium size of the Emerson Cavitation Tunnel (ECT), other studies have been conducted by the Authors in the ECT using 1 larger scales. One of these investigations involved the comparative URN predictions for a Fisheries Research Vessel (Atlar 2 et. Al., 2001). In this experimental investigation, the full-scale URN measurements were compared with the predictions 3 using a model propeller with a scale of 1:7 and behind a simulated wake using 2D wake screens. The comparisons of the 4 predictions were in reasonable agreement with the full-scale measurements. In a very recent other investigation, Aktas et al. 5
(2015) conducted predictions based on a small systematic series of model propellers tested in the ECT with a representative 6 scale of 1:23 and behind systematically varied wake screens. The predictions were comparable with the average commercial 7 shipping URN data given by Wales & Heitmeyer (2002) . In summary, the reasonable correlations of the URN predictions 8 with the full-scale measurements obtained in the above mentioned two investigations (using relatively larger scale factors, 9
i.e. 7 and 23 as opposed to 3.5 of the present study) should provide reasonable confidence for the range of scale ratios used 10 in ECT for such tests. European research project. Based on the investigations it can be concluded that 17
18
 In a medium size cavitation tunnel, a truncated dummy-hull model with properly scaled bow and stern sections, 19 combined with the wake screens strategically fitted at the stern, could be the closest alternative to a full (twin-hull) 20 model configuration to simulate the wake flow effectively. 21 
22
 In spite of various simplifications made in the dummy-hull configuration to represent the actual catamaran vessel, 23 the tunnel test measurements for underwater radiated noise levels and cavitation observations can provide a 24 reasonable basis to validate the full-scale trial measurements by using the ITTC procedures and guidelines. 25 
26
 Extrapolated URN spectra, based on tunnel tests in the presence of cavitation displayed more reasonable agreement 27 with the full-scale URN over the low and medium frequency ranges than over the higher frequency range. 28 29
